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The	 concept	 of	 beta	 diversity	 dates	 back	 to	 the	work	 of	Whittaker	
(1960),	which	coined	 this	 term	 to	define	 the	amount	of	variation	 in	




such	 as	 species	 coexistence	 or	 environmental	 control	 (Anderson,	
Ellingsen,	&	McArdle,	2006;	Tuomisto,	2010a,b).
Given	a	set	of	N	plots,	Whittaker	(1960)	proposed	to	summarize	





An	 alternative	 approach,	 first	 proposed	 by	 McArthur,	 Recher,	
and	Cody	 (1966)	 and	 recently	 revitalized	by	Lande	 (1996),	 consists	
in	 measuring	 beta	 as	 the	 excess	 of	 regional	 diversity	with	 respect	
to	local	diversity:	β = γ	−	α.	However,	in	both	cases,	beta	diversity	is	
a	 derived	quantity	 that	 depends	on	 alpha	 and	gamma	 (Chao,	Chiu,	









across	all	plots	are	generally	unable	 to	 tell	us	 to	what	extent	 there	
is	 a	 change	 in	 shared	 species	 between	 pairs	 of	 plots.	To	 get	 infor-
mation	on	the	species	shared	across	more	than	two	plots,	so-	called	
multiple-	site	 dissimilarity	measures	 (i.e.,	 generalizations	 of	 pairwise	
dissimilarity	measures	to	more	than	two	plots)	are	required.	Examples	
are	 the	 multiple-	site	 measures	 of	 Diserud	 and	 Ødegaard	 (2007),	
Baselga,	 Jiménez-	Valverde,	 and	Niccolini	 (2007),	 Chao	 et	al.	 (2012)	
and	Ricotta	and	Pavoine	(2015).
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comparing	 community	 composition	 data.	 However,	 this	 method	 usu-





an	 inverse	measure	of	evenness).	The	study	 is	organized	as	 follows:	
First,	a	short	overview	on	the	variance-	based	approach	is	presented.	
Next,	a	new	index	of	beta	diversity	is	proposed,	which	is	obtained	by	




2  | BETA DIVERSITY AS THE VARIANCE OF 
COMMUNITY DATA
Recently,	Legendre	et	al.	(2005)	and	Legendre	and	De	Cáceres	(2013)	
proposed	 to	measure	beta	diversity	as	 the	 total	 variance	of	a	 com-




vectors	xn = x1,	x2	…	xN	of	Y).	The	 total	 variance	of	 the	data	 table,	
















































A	 subtle	 although	 relevant	 shortcoming	 of	 this	 approach	 recog-
nized	by	Legendre	and	De	Cáceres	(2013)	is	that	the	relative	disper-
sion	of	species	abundances	within	the	row	vectors	yj	that	maximizes	
variance	 does	 not	 coincide	with	 the	 dispersion	 of	 abundances	 that	
maximizes	beta	diversity.	An	 intuitive	requirement	 for	beta	diversity	








P1 P2 P3 P4
S1 1 0 0 0
S2 0 1 0 0
S3 0 0 1 0
S4 0 0 0 1
whereas	SS(Y)	and	Var(Y)	are	both	maximized	at
P1 P2 P3 P4
S1 1 1 0 0
S2 0 1 1 0
S3 0 0 1 1
S4 1 0 0 1
Also,	for	presence	and	absence	data,	the	community	composition	
matrix
P1 P2 P3 P4
S1 1 1 1 0
S2 0 1 1 1
S3 1 0 1 1
S4 1 1 0 1
produces	 the	 same	values	 of	 SS(Y)	 and	Var(Y)	 than	 the	 first	matrix,	
whereas,	intuitively,	the	beta	diversity	of	both	matrices	is	substantially	
different.
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considered	 inappropriate	 for	 compositional	 data.	 The	 raw	 species	









why	 transformed	data	do	not	measure	 the	 same	degree	of	beta	di-
versity	as	the	non-transformed	data,	take,	for	example,	the	following	
matrix	with	the	raw	abundances	of	four	species	in	four	plots:
P1 P2 P3 P4
S1 10 10 10 0
S2 0 10 10 0
S3 0 0 10 0
S4 0 0 0 10
After	Hellinger	transformation	(i.e.,	one	of	the	“appropriate”	data	
transformations	listed	in	Legendre	&	De	Cáceres,	2013,	Appendix	S1),	











P1 P2 P3 P4
S1 1 0.71 0.58 0
S2 0 0.71 0.58 0
S3 0 0 0.58 0







of	 species	abundances	within	 row	vectors	after	data	 transformation	







which	were	developed	 to	 summarize	plot-	to-	plot	 dissimilarity	 from	
many	different	perspectives	and	motivations,	should	conform	to	a	set	
of	properties	 listed	 in	Legendre	and	De	Cáceres	 (2013)	 that	 render	
them	adequate	 for	summarizing	beta	diversity.	Like	 in	 the	previous	
case,	 this	 operation	 implies	 some	 sort	 of	 nonlinear	 standardization	
of	the	raw	abundance	data	in	Y	by	row	sums,	column	sums,	or	both,	
which	 necessarily	 change	 the	 relative	 dispersion	 of	 species	 abun-
dances	within	row	and	column	vectors	 (Anderson	et	al.,	2006).	This	





the	 new	 species	 abundances	 y′
jn































The	 key	 lessons	 learned	 from	 this	 short	 overview	 are	 that:	 (1)	
The	 total	variance	of	 the	 raw	community	 composition	matrix	 does	




variance	 of	 the	 raw	 community	 composition	matrix	 does	 not	 nec-






affect	 the	 partition	 of	 beta	 diversity	 into	 per-	species	 and	 per-	plot	
contributions.
(2)	 The	 average	 dissimilarity	 between	 pairs	 of	 plots	 d̄kn	 rep-
resents	 an	 adequate	 way	 for	 calculating	 beta	 diversity	 directly	
from	raw	species	abundances,	provided	that	 the	selected	dissim-
ilarity	coefficients	conform	to	a	 set	of	empirical	properties	 listed	
in	 Legendre	 and	 De	 Cáceres	 (2013).	 Half	 this	 quantity	 can	 be	






In	 the	 following	 sections,	 building	 on	 Legendre	 and	De	Cáceres	
(2013),	I	will	show	that	beta	diversity	can	be	adequately	summarized	
by	 a	 weighted	 average	 of	 the	 concentration	 values	 of	 the	 species	
vectors	yj	 of	Y.	The	proposed	method	gives	 rise	 to	a	new	 family	of	
multiple-	site	dissimilarity	measures,	which	preserve	 the	 relative	dis-
persion	of	species	abundances	within	rows.
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3  | BETA DIVERSITY AS THE WEIGHTED 
























































tropy	 of	 species	 yj	 and	N	 is	 the	 number	 of	 plots	 in	 the	 community	


















the	other	hand,	 for	 species	 abundance	data,	 a	 reasonable	 approach	








As	 shown	 in	 Eq.	(4),	 being	 a	weighted	 average	 of	 single-	species	














A	belt	 transect	 composed	of	 23	quadrats	 of	 1	m	×	1	m	was	 laid	






(Table	1).	 The	 quadrats	were	 then	 hierarchically	 clustered	 using	 the	































































































































































































































































































































































































































































































the	 central	Apennines,	 the	 beech	 forest	 reaches	 the	 timberline	 giving	
rise	 to	 an	 abrupt	 contact	with	 grasslands	without	 the	 presence	 of	 an	
intermediate	 transition	 belt	 of	 shrub	 species,	 such	 as	 Juniperus alpina, 










(i.e.,	beta	diversity	 is	 low)	and	 tends	 to	decrease	more	or	 less	grad-
ually	 along	 the	 nodes	 of	 the	 dendrogram,	meaning	 that	 community	
composition	tends	to	become	more	and	more	“beta	diverse”	along	the	








































































































































































































































































































































































From	 an	 ecological	 viewpoint,	 this	weighting	method	 is	 directly	
related	 to	 the	mass-	ratio	 hypothesis	 of	 Grime	 (1998),	which	 states	
that	ecosystem	processes,	 like	water	balance	or	nutrient	cycling,	are	
largely	determined	by	the	functioning	of	the	dominant	species	and	are	









the	 average	or	minimum	 functional	 dissimilarity	 of	 j	 from	 the	 other	
species	in	the	community	composition	table,	such	that	more	weight	is	
given	to	the	most	functionally	distinct	species.
As	 highlighted	 by	Anne	 Chao	 (pers.	 comm.),	when	 the	 species	
weights	 are	proportional	 to	 their	 abundances	 (i.e.,	wj = yj+/y++)	 and	
the	 beta	 diversity	 of	 single-	species	 vectors	 β(yj)	 is	 calculated	with	
Pielou’s	evenness,	overall	beta	β(Y)	is	the	same	as	the	mutual	infor-
mation	measure	of	beta	diversity	derived	 in	Chao	and	Chiu	 (2016,	
Eq.	 11c).	This	 index,	which	 is	 part	 of	 a	 larger	 parametric	 family	 of	
information-	theoretical	 measures	 of	 beta	 diversity,	 bridges	 the	
gap	between	the	normalized	variance	of	a	community	composition	
matrix	 (after	 removing	 the	 constraints	 by	 alpha,	 gamma,	 and	 total	
abundance)	and	traditional	diversity	decomposition	methods	(based	





calculating	beta,	 in	 this	 study,	 I	 used	 the	classical	Pielou’s	evenness	
(see	Jost,	2010).	However,	in	ecology,	there	is	a	plethora	of	available	
















dances	pi > pj,	 evenness	 is	 increased	 if	 the	quantity	Δ	 is	 transferred	
from	pi	to	pj	so	long	as	the	transfer	does	not	reverse	the	ranking	of	the	
two	abundances	pi	−	Δ > pj + Δ.	Hence,	consistently	with	our	intuitive	
notion	of	beta	diversity,	the	transfer	property	states	that,	for	a	given	
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species	is	less	abundant.	For	mathematical	details,	see	Patil	and	Taillie	
(1982)	and	Kvålseth	(2015).
Another	desirable	property	of	β(Y)	 is	 its	ability	 to	be	additively	
decomposed	into	species-	level	contributions,	thus	enabling	to	high-















































measures.	Methods in Ecology and Evolution,	7,	919–928.
Chao,	A.,	Chiu,	C.	H.,	&	Hsieh,	T.	C.	(2012).	Proposing	a	resolution	to	de-
bates	on	diversity	partitioning.	Ecology,	93,	2037–2051.
Dalton,	H.	 (1920).	Measurement	 of	 the	 inequality	 of	 incomes.	Economic 
Journal,	30,	348–361.
Di	Giustino,	A.,	Stanisci,	A.,	Acosta,	A.	T.	R.,	&	Blasi,	C.	(2002).	Il	limite	su-









Izsák,	C.,	&	Price,	R.	G.	 (2001).	Measuring	β-	diversity	using	 a	 taxonomic	




Jost,	 L.	 (2010).	 The	 relation	 between	 evenness	 and	 diversity.	 Diversity,	
2010,	207–232.	doi:10.3390/d2020207.







Legendre,	P.,	&	De	Cáceres,	M.	 (2013).	Beta	diversity	 as	 the	variance	of	












Journal of the American Statistical Association,	77,	548–561.
Pielou,	E.	(1966).	The	measurement	of	diversity	in	different	types	of	biolog-
ical	collections.	Journal of Theoretical Biology,	13,	131–144.
















     |  4843RICOTTA













Additional	 Supporting	 Information	may	 be	 found	 online	 in	 the	 sup-
porting	information	tab	for	this	article.  
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Appendix 1: Function betaeve for the calculation of the beta-diversity index introduced in the main text. 
 
This program is free software: you can redistribute it and/or modify it under the terms of the GNU General 
Public License http://www.gnu.org/licenses/. 
 
Disclaimer: users of this code are cautioned that, while due care has been taken and it is believed accurate, it 
has not been rigorously tested and its use and results are solely the responsibilities of the user. 
 
Description: given a community composition matrix Y composed of P species (rows) × N plots (columns), 
the R function betaeve calculates the total beta-diversity of Y by averaging the concentration values (i.e. the 
complement of Pielou’s evenness values) of the single species vectors in Y. 
 





comm: a data.frame of P species (rows) × N plots (columns) containing the abundances of all P species in 
the N plots. 
 
Output 
the function returns a list object composed of three elements: 
1) ‘Average Beta’ = the overall beta-diversity of the community composition matrix Y calculated as the 
unweighted average of the single-species values of beta. For additional details refer to the main text. 
2) ‘Species weights’ = a vector containing the single-species weights used for calculating the weighted beta-
diversity of the community composition matrix Y. All weights are proportional to the total species 
abundances in Y. 
3) ‘Weighted Beta’ = the overall beta-diversity of the community composition matrix Y calculated as the 
weighted average of the single-species values of beta. 
 
References 
Oksanen, J., Blanchet, F.G., Kindt, R., Legendre, P., Minchin, P.R., O'Hara, R.B., Simpson, G.L., Solymos, 








  require(vegan) 
  n_col<-ncol(dataset) 
  n_row<-nrow(dataset) 
  total <- apply(dataset, 1, sum) 
  species_weights<-total/sum(dataset) 
  rel_abu<- sweep(dataset, 1, total, "/") 
  h_shannon<-diversity(rel_abu, index = "shannon", MARGIN = 1) 
  pielou<-h_shannon/log(n_col) 
  pielou_com<-1-sum(pielou/n_row) 
  weighted_pielou<-1-sum(pielou*species_weights) 
  output<-list("Average Beta"=pielou_com,"Species weights"=species_weights, "Weighted Beta" = 
weighted_pielou) 






data(dune) #Vegetation Dutch Dune Meadows freely available in the vegan package. Community 
composition matrix composed of 20 plots (matrix rows) and 30 species (matrix columns). 
t_dune<-t(dune) #transpose the community composition matrix 








   Achimill    Agrostol    Airaprae    Alopgeni    Anthodor    Bellpere    Bromhord    Chenalbu  
0.023357664 0.070072993 0.007299270 0.052554745 0.030656934 0.018978102 0.021897810 0.001459854  
   Cirsarve    Comapalu    Eleopalu    Elymrepe    Empenigr    Hyporadi    Juncarti    Juncbufo  
0.002919708 0.005839416 0.036496350 0.037956204 0.002919708 0.013138686 0.026277372 0.018978102  
   Lolipere    Planlanc     Poaprat     Poatriv    Ranuflam    Rumeacet    Sagiproc    Salirepe  
0.084671533 0.037956204 0.070072993 0.091970803 0.020437956 0.026277372 0.029197080 0.016058394  
   Scorautu    Trifprat    Trifrepe    Vicilath    Bracruta    Callcusp  






Appendix 2: About the additive decomposition of β(Y) into single-plot contributions. 
 
Given a community composition matrix [ ]jny=Y  containing the presence/absence or the 
abundance values of P species (row vectors yj = y1, y2, ... yP of Y) in N plots (column vectors xn = 
x1, x2 ... xN of Y), let EVE be any evenness measure in the range 0–1. According to the main text, 
the beta-diversity of matrix Y is obtained as follows: first, the raw abundances jny  are normalized 




y y+ == ∑  such that 
jn jn jp y y += . Next, the beta-diversity of single species vectors is calculated from the normalized 
values pjn as: 
 
( ) 1 EVE( )j jβ = −y y                         (1) 
 
where EVE( )jy  is the evenness of row (species) j. For a fixed number of plots N, β(yj) = 1 if 
species j is present only in one plot with relative abundance equal to one, while β(yj) = 0 if j is 
present in all plots with relative abundance 1 N . Finally, the beta-diversity of Y is defined as the 
weighted average of the single-species beta: 
 
1 1
( ) ( ) 1 EVE( )
P P




= × = − ×∑ ∑Y y y                 (2) 
 







The ability to additively decompose overall beta into species-level contributions arises directly from 
the definition of β(Y) as the weighted average of the single-species values β(yj). Therefore, this 
property is preserved independently of the evenness index used for calculating β(yj). To the 
contrary, a necessary requirement for decomposing overall beta into per-plot contributions is related 
to the property of the single-species values β(yj) to be additively decomposed into their constituting 





= ∑y , also known as sum-property. Therefore, the ability of 
β(Y) to be additively decomposed into plot-level contributions is index-dependent and hence less 
general than the ability to be decomposed into species-level contributions. 
 
Given a measure of beta that conforms to the sum property, the beta-diversity of a single plot β(xn) 
is then obtained as: 
 







= ×∑x                         (3) 
 





= ∑Y x . Eq. (3) thus implies that, like for the plot-level decomposition of 
SS(Y), the quantities β(yjn), which are derived at the species level, are then reassembled at the plot 
level. Whether this operation makes biological sense is left to the judgment of the practitioner. 
 
Unfortunately, to the best of my knowledge, none of the evenness measures which conform to the 
principle of transfers (see Kvålseth 2015) is formulated such that their complement 
( ) 1 EVE( )j jβ = −y y  can be additively decomposed into its (non-negative) constituting elements. 
2 
 
For example, for single-species vectors, the complement of Pielou’s evenness 
( ) ( )1 1 logj jEVE H N− = −y y  can be additively decomposed into the contributions of single row 
elements yjn as: 
 













= = ∑y                  (4) 
 
where ( ) ( )log logjn jn jny p N p Nβ = × is the contribution of element yjn to β(yj), and 





= −∑y  is the Shannon entropy. 
 
However, for a given number of plots N, the term ( )log jnN p×  in Eq. (4) assumes non-negative 
values only for 1jnp N≥  with 1jnp N= denoting perfect equitability. For relative abundances
1jnp N< we have ( )log 0jnN p× <  and hence ( ) 0jnyβ < . In other words, while β(yj) is always 
non-negative in the range 0–1, the contribution of the single elements yjn to beta can be either 
positive or negative. Elements with relative abundances jnp  larger than 1 N  increase unevenness 
or beta-diversity; elements with relative abundances lower than 1 N produce negative values of 
β(yjn), thus reducing beta-diversity. Therefore, those who believe the additive decomposition of beta 
into its constituting elements β(yjn) cannot produce negative values will find this approach 
unsatisfactory. 
 
Likewise, as highlighted by Anne Chao (pers. comm.), when the species weights are proportional to 
their abundances (i.e. j jw y y+ ++= ) and the beta diversity of single species vectors ( )jβ y  is 
calculated with Pielou’s evenness, overall beta β(Y) is the same as the mutual information measure 





















y y++ = == ∑ ∑  is the grand total of all species abundances in Y and 1
N
j jnn
y y N+ == ∑ . 
According to Eq. (5), β(Y) can be decomposed into per-species and per-plot contributions such that 












= = ∑y . Therefore, we have that 





= ∑Y y . At the same time, the 












= = ∑x . In this case,  overall beta is the 





= ∑Y x . 
However, in both cases, the term ( )log jn jy y +  in Eq. (5) is non-negative only for 1jn jy y + ≥ , 
meaning that element yjn can assume negative values. Therefore, it is easily shown that the plot-
3 
 
level contributions ( )nβ x  can also assume negative values. While this does not prevent to calculate 
a relative plot-level value of beta ( ) ( )nβ βx Y , its biological meaning may not be accepted 
unanimously by ecologists. 
 
Another line of attack may consist in substituting the notion of beta-diversity with its complement, 
beta-evenness or beta-equitability, which measures the degree of similarity in species composition 
among sampling units. According to this definition, the beta-equitability of the community 
composition matrix Y can be expressed as: 
 
( ) ( )j jPEVE w EVE= ×∑Y y                      (6) 
 
Here, using Pielou’s evenness ( ) ( ) logj jEVE H N=y y , the beta-equitability of single rows can 
be additively decomposed as: 
 












= =∑ ∑y                 (7) 
 
where all constituting elements EVE(yjn) assume non-negative values. Accordingly, the beta-
equitability of a single plot EVE(xn) can be then obtained as ( ) ( )1
P
n j jnj
EVE w EVE y
=
= ×∑x  such 





= ∑Y x . 
 
The same approach can be used for additively partitioning a number of other evenness measures, 
such as the Simpson evenness ( ) ( ) ( ) ( )21 11 1 1 1 1
N N
j jn jn ijn n
EVE p p N p N
= =
= − − = −∑ ∑y  (see 
Smith and Wilson 1996), or the index of Solomon (1979) ( ) ( ) ( )12 1 1
N
j jnn
EVE p Nρ ∗
=
= − −∑y , 
where jnp
∗  are the relative abundances of species j in the N plots ranked in descending order such 
that 1 2 ...j j jNp p p




Chao, A., Chiu, C.H. (2016) Bridging the variance and diversity decomposition approaches to beta 
diversity via similarity and differentiation measures. Methods in Ecology and Evolution 7: 919–
928. 
Kvålseth, T.O. (2015) Evenness indices once again: critical analysis of properties. SpringerPlus 4: 
232. DOI 10.1186/s40064-015-0944-4. 
Smith, B., Wilson, J.B. (1996) A consumer’s guide to evenness indices. Oikos 76: 70–82. 
Solomon, D.L. (1979) A comparative approach to species diversity. In: Grassle, J.F., Patil, G.P., 
Smith, W., Taillie, C. (Eds.) Ecological diversity in theory and practice. International Co-
operative Publishing House, Fairland, Maryland, pp. 29–35. 
1 
 
Appendix 3: Proof that, for species presence/absence scores, if all weights wj are set equal to 1 P , 
the overall beta β(Y) of a single pair of plots reduces to the Jaccard dissimilarity. Conversely, if the 
weights wj are set proportional to the number of species presences in both plots, β(Y) reduces to the 
Sørensen dissimilarity. 
 
Given two plots U and V with the presence and absence data of P species, the Jaccard (1900) and 





















where a, b and c represent the matching/mismatching components of the well-known 2 2×  
contingency table: a is the number of species present in both plots, b is the number of species 
present only in plot U, and c is the number of species present only in plot V such that a b c+ +  is 
the total number of species P in both plots. 
 
Let EVE be any evenness index (not only the Pielou evenness), which takes on values between 0 
and 1 and EVE( )jy the evenness of species vector jy . For a single pair of plots, EVE( )jy  takes 
the value one (denoting maximum evenness) if species j is present in both plots and the value zero 
(denoting minimum evenness) if j is present only in one plot, such that 
,
EVE( )jj U j V a∈ ∈ =∑ y , 
,




( ) 1 EVE( )P j jj wβ == − ×∑Y y , using equal weights 1jw P=  we have: 
( ) ( ) ( )1( ) 1 1 EVE( ) 1
P
jj
P a a b c b c a b c Jacβ
=
= − × = − + + = + + + =∑Y y . 
 
On the other hand, setting the weights wj proportional to the number of species presences in both 
plots, we have that the weights associated to the species present in both plots are 
( )2 2jw a b c= + + , while the weights associated to the species present in a single plot are 
( )1 2jw a b c= + + , where 2a b c+ + is the number of species presences in both plots. Accordingly: 
( ) ( ) ( ),
2( ) 1 EVE( ) 1 2 2 2
2 jj U j V








= − = − + + = + + + =
+ + ∑Y y . 
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